Introduction
Maternal hyperventilation during labour can be detrimental to the fetus [26] . Hyperventilation leads to a fall in fetal Ρθ2, which is due to a fall in Pco2 and rise in pH of the maternal blood [21] . Recent experimental findings suggest that this may be part of the normal physiological response in moderate to heavy exercise [6, 17] , and it is therefore of interest in the general clinical context of pregnancy. The fall in fetal Ρθ2 during respiratory alkalosis has been demonstrated experimentally in the guinea pig [22] and sheep [1, 15, 24] and three mechanisms have been proposed to explain it. Firstly, a rise in pH will increase the oxygen affinity of maternal blood (the BOHR effect), and the closer approximation of the maternal and fetal oxygen dissociation curves may entail that equilibrium between the blood of the mother and the fetus is reached at a lower Ρθ2. Secondly, the rise in pH, or the fall in Pco2, could provoke constriction of the vessels supplying the maternal side of the placenta, thereby reducing blood flow and the oxygen supply to the fetus. This has been shown to occur during experiments on the pregnant ewe and her fetus when alkalosis is induced by ingestion of sodium bicarbonate [3] or by hyperventilation due to hyperthermia [25] or exercise [6, 16, 17] . Finally, it has been clai- med that the effect of alkalosis on fetal Ρθ2 is exerted through the fetal placental circulation. A reduction in umbilical blood flow has been demonstrated experimentally in respiratory alkalosis induced by mechanical hyperventilation [24] , but in alkalosis due to hyperthermia [25] or to moderate exercise [17] there was no significant change in fetal placental perfusion. The present study is a theoretical and experimental analysis of the contribution of the BOHR effect to the reduction in fetal Ρθ2 caused by maternal alkalosis. We measured respiratory gas tensions in fetal guinea pigs by mass spectrometry [11] during a step change in the pH of maternal blood achieved by infusing an isotonic solution of sodium hydroxide in the descending aorta. The measured response of fetal Ρθ2 was then compared with that predicted by a computer model of placental gas exchange in the guinea pig, given the initial conditions and the extent of the change in maternal arterial pH. The result of this comparison revealed that the leftward shift of the maternal oxygen dissociation curve can account for only a small part of the impact of maternal alkalosis on fetal oxygenation.
'2 Materials and methods
Thirteen virgin guinea pigs of outbred stock (Ssc: AL) were mated in our laboratories and used close to term, on the 62nd to 67th days of pregnancy. Maternal bocjy weight was 1.0 -1.2kg and the fetuses studied weighed 62-115 g. The dam was given atropine (0.05 mg S. C.) and then was anesthetized with diazepam (1.0 mg/kg L M.) and pentobarbitone sodium (25 -30mg/kg I. P.). Respiration was unassisted but the animals breathed room air enriched with oxygen. Rectal temperature was maintained at 38.1-38.7 °C with the aid of a heating pad. A polyethylene catheter was inserted by a cutdown in the right carotid artery and advanced into the thoracic aorta. At examination post mortem the tip of the catheter was ca. 0.5 -2.0 cm above the level of the diaphragm. A slow infusion of isotonic saline solution (0.03 ml/min) was started in this catheter as soon as it had been tied in place. A second catheter was inserted in a femoral artery to enable the withdrawal of maternal blood samples. The abdomen was opened by a midline incision and the gravid uterus lifted r gently on to a thermostatted table. It was wrapped in plastic foil to restrict evaporation. A transverse incision was made in the uterine wall to expose the head, neck and forelimbs' of one fetus. The cut surface of the uterus was sewn to the fetal skin with a 5 -0 silk suture to prevent it from retracting over the fetal abdomen and placenta. A plastic sheath was glued over the fetal snout. The blood gas catheter (see below) was inserted by a cutdown in the right jugular vein of the fetus. It was advanced 20 -25 mm and secured in place with silk ligatures. The position of the catheter tip was examined at the end of the experiment.
Measurement of blood gases
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Tab. I. Blood gas tensions and acid-base status of blood from the maternal femoral artery before and during infusion of sodium hydroxide in the descending aorta of nine pregnant guinea pigs. Values are means ± S.D. The mass spectrometer recording from a typical experiment is shown in Fig. 1 . There is a rapid fall in Ρθ2 during the infusion of base in the uterine artery with little or no change in Pco2. The standard procedure adopted was to read the blood gas tensions immediately before the infusion and at 1 minute and 2 minutes from its start. The values given in Tab. II have been corrected for signal drift in order not to overestimate the extent of the changes in blood gas tensions. Poa fell by a mean of 0.9 ± 0.9 Torr at 1 minute and 3.2 ± 1.6 Torr (p < 0.001) at 2 minutes from the start of the infusion. There was a more variable response in Pco2 with a mean rise of 0.2 ±1.4 Torr at 1 minute and of 1.7 ± 1.8 Torr at 2 minutes after the infusion was started. 
Model predictions
In the simulation of the experiments the model of placental gas exchange was utilized in combination with a complete set of input variables. The Ρθ2, Pco2 and pH in the uterine artery before and during the base infusion were givenas the average of the measured values. The maternal intr erythrocytic DPG concentration was not measured but was set at 7.0 mM [19] .
The preinfusion values for Poa and Pco2 in the umbilical artery were assumed equal to the average of the values measured in the fetal heart by the mass spectrometer immediately before the start of the base infusion. The pH in the umbilical artery was set at 7.27, which was the value measured in blood obtained by cardiac puncture [5] . The blood flow rates on the fetal and maternal sides of the placenta have been measured under closely similar experimental conditions [4, 11] and were assigned values of 7.5 ml/min and 7.3 ml/min, respectively. The fetal DPG value was set to 1.73mM [2] . 
Discussion
The aim of this study was to define the contribution of a leftward shift of the maternal oxygen dissociation curve to the fall in fetal arterial Ρθ2 associated with maternal alkalosis. Infusion of base in the descending aorta caused a rise in maternal arterial pH of 0.07 units and a fall in fetal arterial Ροζ of 3 Torr. Simulation of the experiments, using a mathematical model for placental gas exchange in the guinea pig, demonstrated that the contribution of altered maternal oxygen affinity per se was only 0.5 Torr. Maternal alkalosis therefore seems to affect fetal oxygenation by other mechanisms that quantitatively are more important. To substantiate this conclusion, it is necessary briefly to consider the premisses upon which the simulation was based. Firstly, it was assumed that the rate of oxygen transfer across the placenta two minutes after the start of the base infusion was equal to the preinfusion value. This assumption is fulfilled if the fetal oxygen consumption remains constant during the base infusion and if the rate of oxygen transfer is at steady state both before and two minutes after the start of the infusion. [5] . The influence of alterations in the initial The time constant for the change in the oxygen umbilical arterial pH value was, however, invescontent of the fetus after a step change in the tigated and it was found that an increase in pH placental oxygen flux is determined mainly by of 0.05 units influenced the predicted value of the mean circulation time, since most of the Ροζ after base infusion by less than 1%. oxygen binding capacity is in the blood. Assu-The average va me of the oxygen tensions meaming a fetal cardiac output of 30 ml/min [4] sured in situ by the mass spe ctrometer is about and a blood volume of 12 ml [8] the mean 6 Torr lower than the average va i ue obtained circulation time is 25 seconds. An interval of by conven tional analysis of blood samples from two minutes ought therefore to allow complete the fetal heart [5] > whereas the average Pco 2 reestabhshment of the steady state oxygen flux value is almost identical to that of the previous across the placenta after the start of the base study The di ff er ence in Po 2 may be due to the infusion. We did not measure the rate of fetal existence of an oxygen depletion layer in front oxygen consumption but in a recent study of of the m e mb rane of the blood gas catheter due exercise-induced alkalosis by LOTGERING et al. to the diffusive oxygen flux across the membra- [17] , it was shown that the oxygen consumption ne M 31 of the uterus was unaffected when fetal Poi fell by about 10%. If a decrease in fetal oxygen In simulating the experiments, it was necessary consumption occurred during the infusion of to assume that the partial pressures of the respibase, the model will have overestimated the fall rator y S ases m the ri S ht atrium were similar in fetal arterial Poa *° ^n ose m the umbilical artery, to which the predictions of the model applied. This assumpThe second assumption was that Pco 2 in the tion can be questioned, since preferential streaumbilical artery was unaffected by the base ming of blood is known to occur in the fetal infusion. This is to be expected, since the fetus guinea pig heart [9, 10] . Therefore, in separate has a large extravascular CO 2 binding capacity, experiments, we took samples of blood from a In human adults, the 63% response time of the catheter placed in a branch of the abdominal CO 2 binding capacity is about 40 min [7] and aorta, the vitelline artery, and compared blood is directly proportional to the ratio between gas tensions in these samples with those earlier tissue volume and cardiac output, which is measured in blood obtained by cardiac punctuabout 14 for a 70 kg man. The corresponding re [5] . Po 2 was 16 + 1 Torr in the vitelline artery ratio for the guinea pig fetus is about 3, assu-( n = 5) against 19 + 4 Torr in the heart (n = ming a body weight of 100 g and a cardiac 8). The corresponding values for Pco 2 were output of 30 ml/min. Thus the time constant of 59 + 7 and 53 + 10 Torr (means + S.D.). the tissue CO 2 stores is about 10 minutes or There was no significant difference between the five times longer than the time interval studied grO up means (Student's t-test for independent after the start of the base infusion. A small observations). increase in the Pco 2 There is a wealth of experimental evidence to suggest that maternal alkalosis is associated The model requires a numerical value for pH with a reduction in maternal placental blood in the umbilical artery, but this parameter was flow. In sheep running on a treadmill, exercisenot measured simultaneously with mass spec-induced ventilation induces a fall in maternal trometry. We have therefore used a value of Pcoi, a rise in pH, decreased maternal placental 7.27, which was obtained in a previous study perfusion, and a fall in fetal arterial Ρθ2 [6, 16, 17] . In the most recent of these studies, it was shown that 40 min of exercise at 70% of maximal maternal oxygen consumption reduced uterine blood flow by 24% and fetal arterial Ρθ2 by 3.0 Torr [16, 17] . During shorter periods of exercise the decrease in blood flow was 13 -17% [16] . Maternal alkalosis has also been induced in guinea pigs [22] and sheep [15] by mechanical hyperventilation. These experiments suffer from the disadvantage that positive pressure ventilation itself adversely affects blood flow and fetal Po 2 [15, 23] . Controlled experiments in the ewe did, however, indicate that a rise in maternal pH of 0.23 units could precipitate a fall in uterine blood flow of 22% and a fall in fetal arterial Ρθ2 of 3.7 Torr [15] . Metabolic alkalosis arising from the ingestion of sodium bicarbonate also led to a fall in uterine blood flow [3] . It has been shown that umbilical blood flow falls during positive pressure ventilation in sheep [24] . However, in recent experiments on pregnant ewes exercising at 70% of their maximal oxygen consumption for 10 min, there was a rise in maternal arterial pH without any significant change in fetal placental blood flow [17] .
We have simulated the effect on fetal Ρθ2 of superimposing a change in placental perfusion on the increase in maternal oxygen affinity caused by infusion of base. The results indicate that a fall in maternal placental blood flow of 8% could account for the experimental findings. If there were a small compensatory rise in fetal placental perfusion due to hypoxia, the decrease in maternal placental blood flow would have to be correspondingly larger to explain our results. Conversely, assuming maternal placental perfusion to remain constant, the model predicts that a fall in umbilical blood flow of 17% would be needed to explain our findings.
Summary
A decrease in the Ρθ2 of fetal arterial blood is observed in maternal alkalosis caused by hyperventilation in labour or exercise. The contribution of altered blood oxygen affinity to this effect was studied experimentally and by computer simulation of placental gas exchange. Thirteen guinea pigs near term of pregnancy were anesthetized and the right atrium of the fetus was catheterized to enable continuous and simultaneous measurement of Ρθ2 and Pco2 by mass spectrometry. An infusion of base was given through a catheter in the descending aorta of the dam and the effect on fetal respiratory gas tensions observed. The mean change in maternal arterial pH measured in blood taken from a femoral artery was 0.07 ± 0.04 (mean ± S. D.). There was an immediate decrease in Ρθ2 in the right atrium of the fetus, but no consistent alteration in Pco2. Two minutes after the start of the infusion, Ρθ2 had fallen by 3.2 ±1.6 Torr (p < 0.001) and Pco2 had risen by 1.7 ± 1.8 Torr (not significant). The experiments were simulated using a mathematical model of placental gas exchange in the guinea pig. The model was able to predict the change in fetal arterial Ρθ2, given numerical values for the pH, Ρθ2 and Pco2 of fetal and maternal arterial blood prior to infusion of base and for maternal blood during the infusion of base. These values were obtained from the experimental data. Other input variables of the model were maternal and fetal hematocrit and DPG concentration, and the rates of blood flow on the two sides of the placenta. A simulation in which placental perfusion was assumed to remain constant predicted a fall in fetal Ρθ2 of 0.5 Torr, which is only 15% of that measured experimentally by mass spectrometry. Further analysis showed that the remainder of the effect could be explained by a fall in maternal placental blood flow of 8% or in fetal placental blood flow of 17%. It is concluded that the BOHR effect makes a small contribution to reduced fetal oxygenation in maternal alkalosis but that other mechanisms are quantitatively more important.
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Zusammenfassung

Resume
Role de 1'effet BOHR dans le chute de la Poi fetale provoquee par l'alcalose maternelle On observe une diminution de la 2 du sang arteriel foetal en cas d'alcalose maternelle provoquee par une hyperventilation au cours du travail ou lors d'efforts. On a etudie, experimentalement et a l'aide de simulations par ordinateur des echanges gazeux placentaires, le role dans ce phenomene d'une alteration de Paffinite sanguine pour Poxygene. On a anesthesie treize cobayes proches du terme de leur gestation et on a catheterise Poreillette droite du foetus afin de pouvoir mesurer en continu et simultanement, la 2 et la Pco2 par spectrometrie de masse. On a perfuse une solution alcaline a Paide d'un catheter situe dans Paorte descendante de la mere et a observe les effets sur les pressions des gaz respirätoires du foetus. La variation moyenne du pH arteriel maternel mesure dans le sang arteriel femoral est de 0,07 ± 0,04 (moyenne ± DS). II y a une diminution immediate de la 2 dans Poreillette droite du foetus, mais pas de modification consaquente de la Pco2. Deux minutes apres le debut de la perfusion, la 2 chute de 3,2 ± 1,6 Torr (p < 0,001) et la Pco 2 augmente de 1,7 ± 1,8 Torr (non significatif). En se servant d'un modele mathematique des echanges gazeux placentaires chez le cobaye, on a simule des experiences. Ce modele est capable de predire les modifications de la 2 arterielle foetale, si Pon donne les valeurs numeriques arterielles du pH, de la 2 et de la Pco2 foetales et maternelles avant la perfusion alcaline ainsi que les valeurs maternelles en cours de perfusion. On a obtenu ces valeurs ä partir des donnees experimentales. Les autres variables fournies au modele sont Phematocrite maternal et foetal, la concentration de DPG ainsi que les valeurs du debit* sanguin au niveau des deux faces placentaires. Une simulation, au cours de laquelle la perfusion placentaire demeure constante, prevoit une chute de la 2 foetale de 0,5 Torr, ce qui represente seulement 15% de la valeur mesuree experimentalement par spectrometrie de masse. Une analyse plus poussee montre que Peffet restant peut etre explique par une chute du debit sanguin placentaire maternel de 8% ou une chute du debit sanguin placentaire foetal de 17%. On en conclut que Peffet BOHR ne fournit qu'une faible contribution dans la reduction de l'oxygenation foetale lors de 1'alcalose maternelle mais que d'autres mecanismes sont quantitativement plus importants.
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